To assess whether long-term three-dimensional (3D) tissue culture of myocardium enables the in vitro establishment of vessel-like structures, myocardial tissue from newborn mice was incubated under conditions of 3D culture for at least 3 weeks, and studied by phase-contrast microscopy, conventional histology, immunohistochemistry, and electron microscopy. 
INTRODUCTION D
IFFERENT CELL-BASED APPROACHES in the treatment of ischemic myocardial lesions are currently in debate. The "hottest" topic involves the cellular replenishment of devitalized myocardial areas by transfer of healthy cardiomyocytes, which have been previously differentiated from embryonic 1,2 or bone marrow-derived stem cells. [3] [4] [5] Besides being techniques still in their infancy, 6 the risks of these procedures include development of teratoma from embryonic stem cells and the possibility of tumor formation from engrafted bone marrow stem cells. In addition, there are ethical concerns about adoption of embryonic stem cells. [7] [8] [9] More traditional cell transfer therapies rely on the principle of culture and subsequent transplantation of isolated thelial cell growth factor (ECGF) and heparin (EC dedifferentiation), 40 the detection of isolectin I of Bandeiraea simplicifolia (BS-I) in addition to vWF marker has been employed. BS-I is a more stable factor also present in more or less dedifferentiated ECs, 40 and is reactive with both cultured and tissue ECs in all species but human. 41 A secondary goal of this study was also to show that cardiomyocytes can be kept in long-term culture, and that they maintain their functional capacity and structural integrity. This has been accomplished by recording contractile activity, and by analyzing the ultrastructure of cardiomyocytes in tissue-like organization with intercellular contacts such as intercalated disks and gap junctions. ␤-Catenin is a multifunctional protein. It is a component of the signal transduction pathway that results in axis formation and cell fate choices during embryogenesis. 42, 43 Wnt/␤-catenin signaling is activated at the inception of mammalian cardiac myogenesis and is indispensable for cardiac differentiation. 44 The role of membrane-associated ␤-catenin in adhesion has been well established. In adherens junctions, a functional unity between the transmembrane protein cadherin and ␤-catenin at the cytoplasmic side is built. 45 However, the presence of ␤-catenin in cell-cell boundaries of our preparation is a further confirmation of the functional and structural viability of the artificial heart tissue.
EXPERIMENTAL PROCEDURES

Growth of three-dimensional cardiomyocyte aggregates in culture
Cardiomyocyte aggregates were prepared as described. 32 Briefly, the hearts of newborn mice were enzymatically dissociated in a solution consisting of 0.25% trypsin (GIBCO-BRL; Invitrogen Life Sciences, Carlsbad, CA), 0.1% collagenase (331 U/mg, class 2; Worthington, Lakewood, NJ), and 0.002% DNase I (Sigma, St. Louis, MO) in phosphate-buffered saline (PBS). After cell count and determination of viability, the dissociated cells were plated into prewetted 10-mm Falcon cell culture inserts (BD Biosciences Discovery Labware, Bedford, MA) at a density of 4-8 ϫ 10 4 cells per insert and placed into 12-well plates (BD Biosciences Discovery Labware). A Cyclopore polyethylene terephthalate (PET) membrane with a pore size of 1.0 m and a pore density of 1.6 ϫ 10 6 pores/cm 2 allowed direct visualization of tissue structures by phase-contrast microscopy. The cardiomyocyte aggregates were maintained at the liquid-gas interface at 37°C and 5% CO 2 in the presence of Dulbecco's modified Eagle's medium (DMEM)-10% fetal bovine serum (FBS) for the first 24 h, and after that in the presence of DMEM-5% FBS for at least 3 weeks. On occasion, some culture preparations could be mainprimary cardiomyocytes. [10] [11] [12] [13] [14] [15] Originally, cardiomyocytes from classic monolayer culture were adopted for this purpose. However, increasing experience with this type of culture has made it clear that, although studies on primary cardiomyocyte monolayer cultures have substantiated important intracellular structure-function correlations, 16, 17 two-dimensional cultivation of cardiomyocytes is likely limited in providing clinically relevant material required for tissue engineering. In addition, the cardiomyocytes in monolayer culture undergo rapid phenotypic changes in primary culture, with essentially complete loss of sarcomeres on ultrastructural analysis. 18 In contrast to monolayer cultures, three-dimensional (3D) tissue culture imitates cardiac tissue-like morphology and enables cell-cell interaction, self-organization, differentiation, and electrical properties, all of which are essential qualities for the identity and integrity of heart structures. 19, 20 In addition, only 3D cultivation allows development of an extracellular matrix (ECM), which plays a pivotal role in differentiation, proliferation, and apoptosis. [21] [22] [23] The majority of cardiomyocyte-adapted 3D cultivation technologies are based on artificial scaffolds. 20, [24] [25] [26] [27] [28] [29] [30] Although scaffolds enable artificial organs to grow in a desired shape, they may cause posttransplantation side effects resulting from toxic degradation products, induction of inflammatory reactions, and poor resorption. 31 As an alternative approach for production of artificial myocardium, we described a 3D method to culture functional myocardium on cell culture inserts. 32 Other strategies for delivery of "scaffold-free" artificial myocardium include cultivation in shake flasks or on nonadhesive surfaces, 33 centrifugation-based compression, 34 gravity-enforced assembly in hanging drops, 35 or cell sheet engineering. 36 However, the critical problem in the design of 3D tissue culture is the impaired diffusion of gases and nutrients into the center of the tissue constructs once a certain size limit has been exceeded. 37 Therefore, vascular structures, which allow a thorough perfusion of the whole construct as well as its connection to the host vascular system after implantation, 38 would be highly desirable. In their landmark article, Kelm and co-workers described the size-dependent secretion of vascular endothelial growth factor (VEGF) in myocardial microtissues kept in a hanging drop culture, 39 without, however, mentioning the presence of any vascular network.
In the present study we show for the first time that 3D tissue culture enables the spontaneous establishment of intact vessel-like structures in a long-term incubation of neonatal mouse myocardium. For the identification of vascular structures, immunohistochemical detection of von Willebrand factor (vWF; factor VIII), which is a commonly accepted marker for endothelial cells (ECs), has been adopted. However, because the expression of vWF can be lost in long-term EC cultures lacking endo-3D CULTURE OF MYOCARDIAL TISSUE 1685 tained for up to 8 weeks. The formation of aggregates occurred within 24 h of plating.
Aggregate characterization
On the first day in culture and on every other day until day 20, all cardiomyocyte aggregates in every cell culture insert were counted by phase-contrast microscopy. For this purpose, every cluster of cells consisting of at least three discernible cells was considered an "aggregate." The diameter of the aggregates was determined with a calibrated micrometer in the eyepiece of the phasecontrast microscope. In addition, the functional status (contracting or quiescent) of every counted aggregate was documented, and its contracting frequency was recorded as beats per minute (bpm). The percentage of contracting aggregates was subsequently calculated by the following equation: percent contracting aggregates ϭ (number of contracting aggregates/total number of aggregates) ϫ 100.
Light microscopy
On day 20 in culture the contracting aggregates were harvested and processed for light and electron microscopy as follows. Inserts containing contracting aggregates were carefully washed with indicator-free Roswell Park Memorial Institute (RPMI) medium and incubated with a lectin BS-I-rhodamine conjugate (Sigma) in medium (40 g/mL) at 37°C for 30 min, and afterward washed thoroughly in medium. A control for unspecific rhodamine staining was carried out with avidin-rhodamine solution (Vector Laboratories, Burlingame, CA) at about the same concentration. Staining of cells in the aggregates was observed with a Carl Zeiss (Thornwood, NY) inverse microscope equipped with a fluorescent lamp, using the rhodamine filter combination.
The aggregates were then scraped from the insert, fixed with 4% paraformaldehyde in 0.1 M phosphate buffer for 1 h, and then washed three times with this buffer. The tissue was infiltrated with 10% sucrose in PBS for several hours and frozen onto the holder of a cryostat (Leica Microsystems, Bensheim, Germany). Seven-micrometer cryosections were mounted on Starfrost slides (Knittel, Braunschweig, Germany), washed in PBS, counterstained with 4Ј,6Ј-diamidino-2-phenylindole hydrochloride (DAPI), and mounted with Cityfluor (Agar Scientific, Essex, UK). The red fluorescence of the BS-I conjugate was photographed on black-and-white film with an FXA fluorescence microscope (Nikon, Tokyo, Japan).
For the purpose of paraffin embedding, inserts were manually cut into sectors with single contracting aggregates on each. These sectors were fixed with 4% paraformaldehyde and 0.1% glutaraldehyde in PBS for 30 min. Free aldehyde blocking was done by two washes
FIG. 1.
Electron micrograph of an isolated cardiomyocyte, after dissociation from neonatal mouse heart, with characteristically numerous mitochondria ( * ) and myofibrils (arrows). Original magnification, ϫ13,000.
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with PBS with 0.05 M glycine within 1 h. After dehydration with a graded series of ethanol followed by xylene and methyl benzoate, paraffin infiltration at 60°C was carried out. Heart tissue from newborn mice was processed in the same manner as for controls.
One-micrometer paraffin sections from aggregates and heart tissue were cut on an ultramicrotome (OMU-3; Leica Microsystems) and mounted on self-prepared chrome alum/gelatin-filmed slides in a 42°C water bath. Sections were dried for 2 days at 55°C, dewaxed with xylene three times in a total period of 70 min, rehydrated, and washed in PBS-Tween (PBS containing 0.05% Tween 20; pH 7.4). Protein blocking with 1% bovine serum albumin (BSA) in PBS-Tween for 1 h was carried out before lectin or immunostaining.
Lectin staining of paraffin sections was carried out with biotinylated Bandeiraea simplicifolia isolectin I (BS-I diluted, 1:50; Sigma), which was linked to an avidin-alkaline phosphatase (Vector Laboratories). Immunohistochemical staining was applied with vWF (diluted 1:100; DakoCytomation, Glostrup, Denmark). The antibody was linked to an anti-rabbit biotin conjugate (DakoCytomation). Staining was developed with an avidin-horseradish peroxidase (HRP) reagent and diaminobenzidine and the sections were counterstained with methyl green. Controls were carried out by using whole immune rabbit serum (Polysciences, Warrington, PA) for immunostaining and by using BSA in PBSTween instead of lectin in the first incubation step.
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Electron microscopy
Whole inserts with contracting aggregates were fixed as quickly as possible in modified Karnovsky's fixative (4% formaldehyde and 1% glutaraldehyde in 0.1 M cacodylate buffer at pH 7.4) for 60 min at room temperature, postfixed in 1.33% osmium tetroxide, stained en bloc with 2% uranyl acetate, processed through graded ethanol as well as propylene oxide, and embedded in Eponate (Serva, Heidelberg, Germany). Single aggregates were cut out tangentially to the insert and 0.5-m semithin sections were stained with Richardson's blue. Ultrathin sections from chosen areas were stained with uranyl acetate and lead citrate and examined with an EX 1200 electron microscope (JEOL, Tokyo, Japan).
Other inserts were fixed in Karnovsky's as described above and dehydrated in ethanol, and sectors with single aggregates were embedded in LR-White at 55°C (London Resin, London, UK). Serial 0.5-m planar and tangential sections were prepared. Thin sections were subjected to immunostaining for laminin and ␤-catenin. Sections were preincubated with 1% BSA, 1% goat serum in PBS-Tween for 1 h followed by anti-laminin rabbit polyclonal antibody (diluted 1:100; Sigma) or anti-␤-catenin rabbit polyclonal antibody (diluted 1:1000; Sigma). Both were linked to a goat anti-rabbit 10-nm gold conjugate (Biocell, Cardiff, UK) and counterstained with 2% aqueous uranyl acetate solution.
Analytical methods
The data list was exported to the statistics software package JMP IN 3.2.1 (SAS Institute, Cary, NC) for further analysis. The percentages of contracting aggregates at different times in culture were compared using nonparametric statistical methods, because the distribution of the percentage values was nonnormal.
RESULTS
Twenty-four hours after plating in cell culture inserts, the dissociated single cardiac cells reassembled into aggregates, some of which contracted spontaneously. The mean diameter of aggregates generated in cell culture inserts after 24 h of incubation was 200 Ϯ 10.7 m. However, sometimes aggregates reached a diameter of up to 900 m, and were therefore discernible by the naked eye. After the first 24 h in culture, 25.83 Ϯ 8.8% of all aggregates showed spontaneous contractile activity with a frequency of up to 130 bpm. The peak of contractile activity was reached after 11 days, with 65 Ϯ 5% of all aggregates contracting spontaneously. The mean spontaneous contractility rate over the whole 3 weeks of incubation was 24.35 Ϯ 3.74%. However, there was no statistically significant difference in contractility between shorter and longer periods of incubation. In cardiomyocyte aggregates incubated for more than 3 weeks some sporadic contractile activity persisted for a period of up to 8 weeks.
Electron microscopic evaluation of cells before seeding into the cell culture inserts revealed a majority of single cells, both cardiomyocytes (Fig. 1) and endothelial cells. Sometimes small aggregates consisting of cells linked by focal cell-cell contacts could be observed. After 24 h in culture, the single cells aggregated into threedimensional tissue neoformations. Light microscopic evaluation of semithin planar and cross-sections of contracting aggregates, harvested after 21 days of culture, displayed a discoid shape with a small basal zone where WATZKA ET AL. the aggregates were attached to the PET membrane, a large central zone, a dense zone, and again a small apical zone (Fig. 2a) .
Cell density and distribution resembled a tissue-like architecture. The basal zone could be expected to derive from immature mesenchymal cells (fibroblasts). The apical zone was woven more loosely, with numerous mesenchymal cells and few intercellular connections. The underlying shell of the aggregate contained many densely packed and elongated muscle-like cellular elements (Fig.  2b) . The central zone showed densely vacuolated cells and mitotic figures could be found (Fig. 2c) . Vessel-like structures were found concentrated within the aggregates, but did not belong to a specific sheet (Fig. 2d) .
On electron microscopic magnification, those musclelike cells could be clearly identified as cardiomyocytes with the characteristic actin-myosin fibrils with Z and H 3D CULTURE OF MYOCARDIAL TISSUE zones, and with numerous mitochondria within the cytoplasm (Fig. 3a) . In addition, many intercellular connections in the form of intercalated disks for longitudinal cell-cell contacts (Fig. 3b) as well as lateral gap junctions were present (Fig. 3c) . Immune-electron micro- scopic staining revealed intercalated disks and gap junctions that stained positive for ␤-catenin ( Fig. 3d and e) .
In situ BS-I lectin staining of the aggregate showed weak red fluorescence in plaque pattern, but could not be clearly discerned by inverse microscopy. On cryosections, many cells had weak perinuclear staining, which is typical for BS-I reaction on endothelial cells (Fig. 4a) . BS-I lectin staining of paraffin sections also showed that up to 15% of the cells in the central zone of the aggregates were positive for this lectin (Fig. 4b) , whereas only a few vessel-like structures were positive for factor VIII (vWF) (Fig. 4c) .
Vessel-like structures were formed by cells, which often showed intracytoplasmatic lumena (Fig. 5b) . In addition, endothelial-like cells were found to be surrounded by cells, which resembled pericytes morphologically (Fig. 5a) . Some but not all cells constituting vessel-like structures could be identified as endothelial cells by staining against vWF on paraffin sections (Fig. 4c) . On occasion, even cardiomyocytes seemed to build up intracellular lumena (Fig. 5c) . Surrounding the neocapillaries a lighter, ribbon-like structure, which stained positively by immunogold visualization of laminin, and which has been interpreted by morphologists as a rudimentary basal membrane, could be detected. This argues strongly for a basal-apical orientation of the neovascular structures (Fig. 6 ).
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DISCUSSION
In this and in a previous study 32 we have shown that, under conditions of incubation on a hydrophobic surface at the gas-liquid interface, a mixed population of single myocardial cells reassembles in vitro into three-dimensional tissue-like aggregates with a distinct morphology. It has been suggested by earlier reports that the architecture of the emerging tissue aggregates might be highly specific for the cell types involved and for their numerical proportion. [46] [47] [48] Accordingly, this phenomenon has been called "histotypic self-assembly." However, which cell type-specific properties of different cell populations might be responsible for their differential adhesion capacity is not entirely clear yet.
It has been suggested that cells displaying surface fibronectin at an earlier stage than others segregate internally. 49 According to this hypothesis, in a chick embryo model a pure culture of cardiomyocytes would spread over a mixed cardiomyocyte-fibroblast culture, whereas the latter, in turn, would spread over a pure fibroblast culture. Translated in our model, we would expect to find mesenchymal cells, which are known to produce fibronectin, in the center of the construct, whereas cardiomyocytes and endothelial cells should stay rather in peripheral zones. As shown by our results, the opposite could be observed. In our previous study, however, immunostaining of aggregates against the main components of the ECM revealed significant amounts of laminin and fibronectin deposited in organized layers between the cells in the center of the aggregates just after 24 h of culture. 32 Unfortunately, we do not know how much fibronectin and laminin were present within the aggregates after 3 weeks in culture, so we can only try to interpret those contradictory findings. Supposing that the fibronectin hypothesis 49 is valid, it seems reasonable to assume that either at the beginning of aggregate formation fibronectin-producing mesenchymal cells stay at the center of the construct and migrate later on to the periphery (remodeling), or cardiomyocytes and endothelial cells are indeed able to produce greater amounts of fibronectin and at an earlier stage than the mesenchymal cells. In further investigations, it would be interesting to perform serial immunostaining of aggregates over the whole incubation period in order to obtain better insight into the role and the dynamic interplay of ECM components in aggregate formation.
It is not clear why aggregates acquire a diskoid structure. On the basis of serial phase-contrast microscopy observations of contracting aggregates during culture, we hypothesize that the establishment of a diskoid structure might be correlated directly with contractile activity, because contracting aggregates displayed a hyperlucent border (which corresponds to the outmost circumference of the disk) in the top view, whereas noncontracting aggregates did not. Electron microscopic evaluation of cardiomyocytes showed an intact intracellular contractile apparatus, numerous functional mitochondria, as well as many cellcell contacts between adjacent cardiomyocytes. These features indicate intact cellular viability as well as electrical and mechanical functionality of the cardiomyocytes within the inner region of the aggregate. In addition, considering the high oxygen and nutrient requirements of cardiomyocytes, this observation provides further evidence of perfusion efficiency, possibly mediated by neovascular structures (see below).
Ultrastructural analysis of the cell mixture immediately after enzymatic dissociation showed that it consisted, besides cardiomyocytes, mainly of endothelial cells, which have been characterized by immunohistochemical detection of vWF. These findings are consistent with the data from our previous study, which showed that a 47.4 Ϯ 13.6% of the cells were cardiomyocytes, 5.5 Ϯ 1.8% were mesenchymal cells, and 65.4 Ϯ 8.5% were endothelial cells (vWF-positive cells). 32 However, after 3 weeks in culture, the amount of vWF-positive cells within the aggregates was much lower, as had been expected on the basis of precultural findings. As mentioned above, it has been shown that ECs cultured without specific growth factors undergo a phenotypic switch, 40 which leads possibly to a loss of expression of vWF. Therefore, we have employed BS-I lectin staining, which is highly specific for endothelial cells and that is reactive with both cultured and tissue ECs, 40 in addition to the vWF marker. Therefore we could show that up to 15% of the cells in the aggregates were positive for this lectin, which, regardless of the small amount of vWF-positive cells, provides strong evidence for the hypothesis that the center of the aggregates is constituted by vascular elements.
Capillary sprouting is a multistep process involving dissolution of the matrix underlying the endothelium; migration, reattachment, and proliferation of endothelial cells; and formation of a new vascular conduit, which then lengthens from its tip as circulation is reestablished. 50 However, whereas the initial steps of capillary outgrowth are completely elucidated, the mechanism of lumen formation remains controversial. Two current hypotheses include (1) intracellular lumen formation and (2) extracellular lumen formation.
Intracellular lumen formation was observed in several regions of the endothelial-rich central area of the aggregates, whereas in other sectors the formation of capillaries by assembly of endothelial cells into a vascular conduit was more predominant. On the basis of our observations we can confirm that intracellular lumen formation does indeed exist, although it remains unclear whether extracellular lumen formation constitutes a separate entity or just a follow-up stage of intracellular lumen formation.
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The fact that virtually all endothelial elements are located within the center of the aggregates opens the way to intriguing speculations. For example, further modifications and improvements in the current culture system (e.g., by addition of endothelial growth factors such as VEGF) may allow maintenance of viable aggregates for extended periods of time beyond the 8 weeks demonstrated in this study. This would allow us to address whether formation of a central cavity would occur reminiscent of a primitive ventricle, possibly in conjunction with further development of the neovascular network.
In conclusion, we have shown that under favorable conditions a 3D culture of myocardial cells leads to the establishment of a rudimentary capillary network within tissue aggregates, which presumably guarantees sufficient tissue perfusion up to a maximum aggregate diameter of approximately 900 m. Increases in construct size will be possible only by application of an external perfusion device and/or by embedding of the single aggregates into a vascularized scaffold. In addition, we are convinced that, utilizing our culture method, it should also be possible to engineer vascularized aggregates out of other tissue types, such as skeletal muscle, pancreas, liver, or kidney.
